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GEOHYDROLOGY OF TERTIARY ROCKS IN THE GREEN RIVER STRUCTURAL BASIN IN WYOMING, UTAH, AND COLORADO
By Lawrence J. Martin
ABSTRACT
The ground-water system in rocks of Tertiary age in the Green River Structural Basin consists of four aquifers and two associated confining units. The Bridger aquifer is at land surface in the southern half of the basin. Fractures and solution channels in the Laney aquifer near the Big Sandy River have created an aquifer of limited basin extent. The New Fork Tongue of the Wasatch Formation is a sandstone aquifer located in the northern part of the basin between the Wilkins Peak and Tipton Shale Members of the Green River Formation the two confining units. The main body of the Wasatch Formation represents a large potential water supply in the Green River Basin. Thick, permeable Wasatch sandstones are at or near land surface in most of the northern part of the basin. The Fort Union Formation consists of fluvial sandstones and shales that also represents a potential water supply in the Green River Basin. The Wasatch and Fort Union Formations have been designated the Wasatch and Fort Union zones of the Wasatch-Fort Union aquifer.
Inflow of water to the ground-water system includes infiltration of precipitation, streamflow, and excess irrigation water. Outflow occurs as ground-water discharge to streams. Pumping of ground water is not a significant source of discharge from the basin system. Recharge and discharge for the ground-water system in rocks of Tertiary age are estimated to be about 165 cubic feet per second.
A computer model was developed to simulate steady-state ground-water flow in the aquifers in Tertiary rocks of the Green River Basin. Basin geohydrologic characteristics of the aquifers and aquifer zones in Tertiary rocks are described by the calibrated flow model. Simulated hydraulic conductivity values were less than 18 feet per day, whereas the upper range of measured horizontal hydraulic conductivities equaled or exceeded 420 feet per day, except for the New Fork aquifer. Estimates of hydraulic conductivity from the calibrated flow model are within the range of values obtained from aquifer tests and drill-stem tests.
INTRODUCTION
The U.S. Geological Survey began a comprehensive study of ground water in the Upper Colorado River Basin in 1981, excluding the upper part of the San Juan Basin, in order to provide hydrologic information needed for effective development of ground-water resources. The study was part of the Regional Aquifer System Analysis (RASA) program. The purpose of the Upper Colorado River Basin study was to:
1. Classify stratigraphic sequences into intervals that constitute aquifers and confining units.
2. Map the areal extent of aquifers, aquifer thicknesses, and overburden thicknesses. The Upper Colorado River Basin includes the area drained by the Colorado River and its tributaries upstream from Lees Ferry, Arizona, and the Great Divide Basin, a closed basin in Wyoming. The study area for the RASA is about 99,000 mi2 (square mile) in parts of Arizona, Colorado, New Mexico, Utah, and Wyoming ( fig. 1 ). It is characterized by high, rugged mountains, broad basins, and high plateaus that have been deeply entrenched and dissected by streams. 
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The major emphasis of the study of the Upper Colorado River Basin is on the consolidated sedimentary aquifers in rocks of Paleozoic, Mesozoic, and Cenozoic age. The emphasis of the study of Cenozoic aquifers is the Tertiary aquifers because Quaternary aquifers are important only locally (Taylor and others, 1986) . Tertiary aquifers occur mainly in the northern part of the Upper Colorado River Basin. The Green River Structural Basin, which is part of the Green River drainage basin, is one of the major structural basins containing an aquifer system in rocks of Tertiary age. In this report, the Green River Structural Basin is referred to as the Green River Basin. This report describes that system of basin aquifers and confining units.
The study area for this report is the Green River Basin (Love, 1961) in southwestern Wyoming and small parts of northeastern Utah and northwestern Colorado. Major uplifts border the Green River Basin on all sides: The Overthrust Belt on the west, the Uinta Uplift on the south, the Rock Springs Uplift on the east, and the Wind River Uplift and the Gros Ventre Uplift on the north ( fig. 2 ). The land surface ranges from about 6,000 to 7,500 ft above sea level and is typified by treeless plains, mesas, and badlands.
Purpose and Scope
The purpose of this report is to describe groundwater flow systems in Tertiary rocks in the Green River Basin. Specific objectives are the identification and description of basin aquifers and confining units, preparation of a steady-state ground-water budget, estimation of effective basin values of hydraulic conductivity based on calibration of a steady-state ground-water flow model, and qualitative description of groundwater movement.
The emphasis of this study has been directed toward describing the basin-wide ground-water flow system. The basin ground-water flow system is defined as flow from recharge areas along the margins of the Green River Basin to discharge areas along the downstream reaches of the Green River and its main tributaries.
Criteria for Data Selection
The quantity, distribution, and quality of data available for geologic and hydrologic mapping generally differed for each geohydrologic unit. Generally, data were clustered in areas of intense development, such as hydrocarbon traps or local areas where large well yields are possible. Also, because information was obtained from a variety of sources, usually from sources with unknown quality-control procedures, it was important to evaluate the quality of the reported data.
Emphasis was placed on using only selected data to define the hydrologic system. The vast majority of geologic data, principally altitudes of formation tops, were obtained from the petroleum industry through the computerized files of Petroleum Information Corporation. The data were used to construct maps of formation thickness and a map showing the altitude and configuration of the base of Tertiary rocks. In using the geologic data, the author generally relied on the interpretation of formation tops from drill cuttings or geophysical well logs by petroleum geologists. These interpretations are considered to be accurate. The only quality-control checks on these data interpretations were for consistency among formation-top data for similar areas. When inconsistencies were noted, the complete geologic logs were reviewed; the more detailed logs were used in geologic mapping whereas vague or very general logs were ignored. Large quantities of geologic data were located at well fields where commercial quantities of hydrocarbons are produced. Because the occurrence of hydrocarbons generally is associated with structural or stratigraphic anomalies, data from these well fields were not considered to be reliable indicators of basin trends.
The hydraulic-head data used to construct potentiometric-surface maps were obtained from two sources: Ground-water-level measurements from computerized files of the U.S. Geological Survey, and drillstem-test measurements made by the petroleum industry. Drill-stem-test data were obtained from either Teller and Chafin (1986) or the computerized files of Petroleum Information Corporation. In no case were data used unless the stratigraphic interval of the hydraulic-head measurement was known and could be compared to existing geologic structure-contour maps. Water-level measurements generally were available in outcrop areas; drill-stem-test data were available in areas overlain by younger formations. In areas having several sources of data, water-level measurements were considered most reliable. Drill-stem-test data given by Teller and Chafin (1986) were considered the second most reliable because of the more complete quality-control checks possible. A complete discussion of quality-control checks possible with drill-stemtest data is provided by Teller and Chafin (1986 Wyoming, 1980; Colorado, 1980; and Utah, 1967 Daggel County Figure 2 . Tectonic features bounding the Green biver Structural Basin (modified from Love, 1961) .
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Hydraulic-head data representing steady-state flow conditions were used in constructing potentiometric-surface maps. Data were reviewed in areas where changes in hydraulic head were suspected. Suspect areas included areas of irrigation pumpage, mine de-watering, and oil-field development. In cases where transient effects were observed, earliest hydraulic-head measurements were used. The only significant exception to this rule was in oil fields developed prior to 1950. Since 1950, techniques for conducting drill-stem tests have improved significantly. Therefore, drillstem-test data from oil fields developed prior to 1950 were not used to construct potentiometric-surface maps.
Previous Investigations
Reports on previous geohydrologic studies of the Green River Basin include a reconnaissance report by Welder (1968) , a basic ground-water data report (Zimmerman and Collier, 1985) , and a report on the occurrence and use of ground water in the Green River Basin (Ahern and others, 1981) . D.L.Naftz (U.S. Geological Survey, written commun., 1992) has investigated water-quality characteristics of the aquifers in Tertiary rocks in the Green River Basin as part of the RASA of the Upper Colorado River Basin.
Only a few detailed geohydrologic studies have been conducted in the Green River Basin. The results from a study in the Farson-Eden, Wyoming irrigation area by the U.S. Bureau of Reclamation (Barker and Sapik, 1965) include quantitative geohydrologic data. Robinove and Cummings (1963) discussed the geology and ground-water resources of 300 mi in the vicinity of Lyman, Wyoming; Glover (1986) investigated an in situ oil-shale retort area near Rock Springs, Wyoming. Several reports contain only very general information; these include those by Gordon and others (1960) , Dana (1962) , and Lowham and others (1985) .
AQUIFER SYSTEM IN ROCKS OF TERTIARY AGE
The areally extensive geohydrologic units that compose the aquifer system in the Tertiary rocks in the Green River Basin consist of four aquifers and two confining units. Aquifers, in descending order, have been designated the Bridger, Laney, New Fork, and Wasatch-Fort Union. Confining units are the Wilkins Peak and Tipton. The Bridger and Laney aquifers are separated from the New Fork and Wasatch-Fort Union aquifers by the confining units. The Wasatch-Fort Union aquifer is designated as a single aquifer; however, hydrologic properties of its two subunits (zones) seldom are similar at the same geographic location. Therefore, the Wasatch-Fort Union aquifer has been subdivided into the Wasatch zone and the Fort Union zone. The stratigraphic relation between Tertiary rocks and the aquifers and confining units in the Green River Basin is shown in figure 3 .
Only the areally extensive Tertiary formations in the Green River Basin were considered major aquifers in this study. Some formations of minor areal extent are stratigraphically equivalent to a major geologic unit and considered part of a major aquifer: The Pass Peak Formation is included with the Wasatch zone of the Wasatch-Fort Union aquifer, the Hoback Formation is included with the Fort Union zone of the Wasatch-Fort Union aquifer. Similarly, many of the minor tongues and members of the Green River and Wasatch Formations are not discussed individually but are included in major aquifers or confining units ( fig. 3 ). Investigation of local aquifers in the following geologic units was beyond the scope of this study: Quaternary alluvial deposits along major streams, Quaternary glacial deposits, Miocene and Oligocene rocks, the Browns Park Formation, the Bishop Conglomerate, and any other Oligocene and(or) Eocene rocks. These aquifers may be important local sources of ground water but are excluded from this study, except as noted.
The areal extent of major geologic formations, members, and tongues in the study area is shown in figure 4 . Because of the basin approach to this study, the extent of the geohydrologic units was approximated by the contacts for the geologic units. The model, described later in this report, extends beyond the basin boundary in the Green River Formation along parts of the eastern boundary of the Green River Basin. Aquifers represented by these geologic units may not be saturated in some local areas. A generalized geologic section in figure 5 may be useful in understanding the stratigraphic relation of the geologic units, aquifers, and confining units in the Green River Basin. The geologic structure shown on the geologic section near the Uinta Mountains and the Wind River Range is simplified.
A brief summary of the hydrologic properties and published hydraulic-conductivity data for the major geologic units is listed in Figure 4 . Generalized geologic units in Tertiary rocks (geologic unit boundary based on contacts from Love and Christiansen, 1985) . fig. 4 ; vertical scale greatly exaggerated). Glover, B.A. Kimball, D.L. Naftz, and G.M. Clark, U.S. Geological Survey, written commun., 1986) 
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Aquifers and Confining Units Bridger Aquifer
Fractured sandstone, tuff, and shale of the Bridger Formation compose the Bridger aquifer. The Bridger aquifer, in the southern part of the Green River Basin, generally is less than 1,000 ft thick in the central part ( fig. 6 ), but thickens to more than 1,500 ft in the southernmost part.
The hydraulic heads used to construct the potentiometric surface of the Bridger aquifer ( fig. 7 ) were compiled from water-level measurements in wells completed in the Bridger Formation. However, wells in the southwestern part of the basin typically are completed in both the overlying alluvium or glacial deposits and the Bridger Formation. These wells were used only where better control points were not available. Hydraulic-head data used to map the potentiometric surface of the Bridger aquifer are highly variable, indicating that local recharge and discharge are common and that vertical hydraulic gradients exist within the aquifer. Local flow systems in discontinuous, overlying aquifers in Quaternary rocks in the southwestern part of the basin probably affect water levels in the Bridger iquifer. The potentiometric surface of the Laney aquifer ( fig. 9 ) was compiled primarily from water-level measurements in wells. Data for the potentiometric surface 1 were available primarily in areas where the aquifer is at or near land surface a good indication of the extent of that part of the aquifer with hydraulic conductivity sufficient to deliver usable quantities of water to wells. The Laney aquifer intertongues with and has a gradational contact with the Wasatch zone of the Wasatch-Fort Union aquifer in the northern part of the basin. Water flowing south in the Wasatch zone moves into the Laney aquifer across this contact. Potentiometric-surface maps representing water-table conditions in (the Wasatch zone of the Wasatch-Fort Union aquifer i md Laney aquifer are continuous across the contact, indicating that flow is not impeded by the hydrauli c characteristics of the Laney in the area of the contact.
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and halite deposits ( fig. 10 ), mapped by Bradley and Eugster (1969) , effectively restrict vertical movement of water in a large area of the Wilkins Peak confining unit. Thickness of the Wilkins Peak confining unit exceeds 1,000 ft in the southeastern part of the basin but typically is between 100 and 600 ft ( fig. 10 ). The Wilkins Peak confining unit has been mapped together with the Tipton confining unit near the east and southeast margins of the basin.
New Fork Aquifer
The New Fork aquifer is composed of arkosic sandstone within the New Fork Tongue of the Wasatch Formation. The aquifer is located in the central part of the Green River Basin between the overlying Wilkins Peak confining unit and the Tipton confining unit (Dana and Smith, 1973) . The aquifer typically is 200 to 350 ft thick ( fig. 11 ). The New Fork aquifer thins to the south and is absent near the town of Green River, Wyoming. Where the Tipton confining unit is absent in the northern part of the Green River Basin, the New Fork aquifer is contiguous with and cannot be distinguished from the Wasatch zone of the Wasatch-Fort Union aquifer.
Sufficient hydraulic-head data are not available to map a potentiometric surface for the New Fork aquifer. However, flowing wells indicate that artesian conditions are common in the New Fork aquifer.
Tipton Confining Unit
The shales and marlstones of the Tipton Shale Member of the Green River Formation mainly compose the relatively thin Tipton confining unit. The Luman Tongue or Member of the Green River Formation and the Niland Tongue of the Wasatch Formation are included as part of the Tipton confining unit in the extreme southern part of the basin ( fig. 3 ). In the central part of the Green River Basin, the Tipton confining unit separates the New Fork aquifer from the Wasatch zone of the Wasatch-Fort Union aquifer. In the southern part of the basin, where the New Fork aquifer is absent, the Tipton confining unit underlies the Wilkins Peak confining unit with which it has been mapped. Thickness of the Tipton confining unit generally ranges from 30 to 150 ft ( fig. 12 ).
Wasatch-Fort Union Aquifer
The Wasatch-Fort Union aquifer is composed of the Wasatch Formation and related formations and the Fort Union Formation and related formations. Together, these rocks compose the Wasatch zone and the Fort Union zone and have a total thickness of up to 11,000 ft. Both zones are hydrologically variable.
Wasatch Zone
The Wasatch zone of the Wasatch-Fort Union aquifer consists of the main body of the Wasatch Formation, the undifferentiated Green River and Wasatch Formations along the west edge of the Green River Basin, the Pass Peak Formation in the northwestern part of the basin, Oligocene and(or) Eocene and Miocene rocks in the northeastern part of the basin, and the following small tongues and members: The undifferentiated New Fork Tongue of the Wasatch Formation and the Fontenelle Tongue or Member of the Green River Formation, mostly between the New Fork River and the southernmost exposure of the Laney aquifer in the north and central part of the basin; the Niland Tongue of the Wasatch Formation in the southeast; the Chappo and La Barge members of the Wasatch Formation and a conglomerate member in the west; and the Luman Tongue or Member of the Green River Formation in the southeast. The main body of the Wasatch Formation is a thick sequence of fluvial sandy shale and siltstone with variable thicknesses of channel sandstone, depending on proximity to the source area of material. Thick permeable sandstones are at or near land surface in extensive areas of the northern part of the basin. In the southern part of the basin, the Wasatch zone is overlain by the Green River Formation; the number and thickness of sandstone beds in the aquifer differ areally and vertically. The amount of sandstone is sufficient for large well yields along basin margins where about 1,000 ft of zone is penetrated. Thickness of the Wasatch zone typically ranges from about 2,000 to about 7,000 ft ( fig. 13) .
The potentiometric surface of the Wasatch zone ( fig. 14) was constructed primarily from water-level measurements in wells. Measurements in the northern part of the Green River Basin generally were obtained from shallow wells (less than 1,000 ft deep) and represent water- 
Base modified from U.S. Geological Survey 1:500,000 State base maps: Wyoming, 1980; Colorado, 1980; and Utah, 1967 20 40 20 40 60 KILOMETERS Hydrology by K.C. Glover, 1986 Figure 14. Potentiometric surface (1985) of the Wasatch zone of the Wasatch-Fort Union aquifer in the Green River Structural Basin.
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Tipton confining unit and the Wasatch zone is under artesian conditions. In areas where the Wasatch zone is thick, there can be substantial differences between the average hydraulic head in the deep Wasatch and the hydraulic head in the upper 1,000 ft of the Wasatch. Shorter flow paths are predominant in the northern part of the Green River Basin where the Wasatch zone is exposed at land surface. Basin flow systems predominate where the Wasatch zone is overlain by confining units of the Green River Formation in the southern part of the basin. Ground-water flow generally is from recharge areas near the basin margins toward the center of the basin and southward. Discharge occurs as upward leakage into overlying formations, into the Green River and its tributaries, and into Flaming Gorge Reservoir. Flaming Gorge Reservoir is the principal discharge area for water following basin flow paths.
Fort Union Zone
The Fort Union zone of the Wasatch-Fort Union aquifer includes the Fort Union Formation and the Hoback Formation that mainly consist of fluvial sandstones and siltstones. The Hoback Formation is equivalent to the Fort Union Formation in the northwestern part of the Green River Basin (Love, Christiansen, and Ver Ploeg, 1992) . The Fort Union zone is present throughout the Green River Basin. However, in the extreme northwestern part of the structural basin where the Hoback Formation is exposed at the surface, the Fort Union zone is not included as part of the aquifer system because it is north of a ground-water divide and outside of the hydrologic basin. Thickness of the Fort Union zone typically ranges from 2,000 ft near the basin margins to 4,000 ft in the central part of the basin ( fig. 15 ).
The potentiometric surface of the Fort Union zone ( fig. 16 ) was constructed primarily using hydraulic heads from drill-stem tests in deeply buried parts of the aquifer. Because of the use of drill-stem test results, the accuracy of the potentiometric surface for the Fort Union zone is considered to be poor. Drill-stem tests generally are conducted in Tertiary-age sediments of the Green River Basin at depths greater than 2,500 ft and usually are recorded as occurring in the Fort Union Formation. However, such a designation is unreliable because geologists have not consistently identified the contact between the Wasatch and the Fort Union Formations.
The potentiometric surface of the Fort Union zone ( fig. 16 ) indicates movement of ground water primarily along basin flow paths. Recharge occurs on outcrop areas and as downward leakage from overlying units near the basin margins. Discharge probably takes place as upward leakage to overlying formations in the southern part of the basin.
Base of the Aquifer System
The base of the aquifer system in Tertiary rocks in the Green River Basin is defined as the contact with Upper Cretaceous rocks (K.C. Glover, U.S. Geological Survey, written commun., 1986). This contact generally coincides with a change in lithology from fluvial sediments in Tertiary rocks to shallow marine sandstones and shales in Upper Cretaceous rocks. The altitude and configuration of the base of the aquifer system in the Tertiary rocks are shown in figure 17.
GROUND-WATER FLOW
The preceding section of the report described the geohydrologic framework or matrix within which ground water of the Green River Basin exists. The framework descriptions are here supplemented by a conceptualizaiton of the ground-water flow system existing within that framework. A five-layer computer-based groundwater flow model of the aquifer system in Tertiary rocks in the Green River Basin was developed from the conceptual flow model.
Conceptual Flow Model
The boundaries or geometry of the aquifer system, the recharge to the aquifer system, and the discharge from the aquifer system are described. In addition, a ground-water budget is estimated for the system and the direction and pattern of ground-water flow are described. Together these descriptions make up the conceptual flow model.
Boundaries
The aquifer system in Tertiary rocks in the Green River Basin is bounded on the west by the Overthrust Belt, on the south by the Uinta Mountains, on the east 
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mostly by the Rock Springs Uplift, and on the northeast by the Wind River Range (fig. 2) . The geologic formations along these boundaries are relatively impermeable compared to Tertiary rocks within the basin and consequently are assumed to restrict ground-water flow into and out of the basin. In the extreme northwestern part of the basin, where no ground-water data are available, the northern boundary of the aquifer system is a no-flow boundary along a ground-water divide assumed to be near the surface drainage boundary. Tertiary rocks extend into the Great Divide Basin north of the Rock Springs Uplift and into the Washakie Basin south of the uplift along the eastern boundary of the aquifer system ( fig. 2 ). This eastern boundary of the aquifer system is a no-flow boundary along a groundwater divide in the slightly upwarped Tertiary beds between the structural basins. Potentiometric surfaces of the Wasatch and Fort Union zones of the WasatchFort Union aquifer in the Great Divide and Washakie Basins indicate that the ground-water divide north and south of the uplift is in the vicinity of the surface-water divide. In the southeastern part of the Green River Basin, the aquifer system in the Tertiary rocks is underlain by a confining unit composed of rocks of the Upper Cretaceous Lewis Shale. Elsewhere in the basin, the base of the aquifer system in the Tertiary rocks is marked by an erosional unconformity, and the Lewis Shale is absent (Ahern and others, 1981) . In these areas, there may be some hydraulic connection between the Fort Union zone of the Wasatch-Fort Union aquifer and an aquifer composed of the Mesaverde Formation. However, the rate of upward leakage from the Mesaverde aquifer to the Fort Union zone is generally negligible compared to the rate of movement within the aquifer system in Tertiary rocks (Freethey and Cordy, 1991) . On a basin scale, the base of the aquifer system in the Tertiary rocks is considered a noflow boundary.
Recharge
Recharge to aquifers in the Green River Basin occurs by infiltration of precipitation on outcrop areas, infiltration of snowmelt runoff from the mountains, and leakage of streamflow from tributaries of the Green River. Measurable recharge probably does not occur in the central part of the basin because of the small average annual precipitation and large evapotranspiration rates.
In areas of extensive irrigation, particularly the Farson-Eden, Wyoming area, water may percolate downward through alluvial deposits and recharge the underlying Laney aquifer (Ahern and others, 1981) . Recharge in this area was estimated as 18 ft3/s (cubic foot per second) during calibration of the numerical flow model. Analysis of streamflow-gaging records of the major streams in the Green River Basin indicates that all are gaining streams, except for the Blacks Fork, Smiths Fork, and Hams Fork. The Blacks Fork, Smiths Fork, and Hams Fork are losing streams and presumably recharge the underlying aquifers or are losing because of evapotranspiration from vegetation along the stream courses. Cumulative loss from these three streams is estimated to be 9 ft3/s.
Estimates of ground-water recharge were made by using a method developed by Eakin and others (1951) and modified by Hood and Waddell (1968) . The method is based on an empirically derived assumption that recharge can be estimated as a percentage of average annual precipitation. The percentage of precipitation effective as recharge is assumed to increase as precipitation increases. The actual percentage used to estimate recharge is obtained in a subjective manner that accounts for differences in surficial geology, physiography, and seasonal precipitation patterns. Recharge in areas receiving less than 10 in. of precipitation annually is assumed to be negligible. When using the method of Hood and Waddell (1968) , recharge from precipitation, snowmelt, streams, and canals, is not estimated separately. The percentage values used in estimating recharge from precipitation are adjusted to account for these sources of water. Areal distribution of ground-water recharge for the Green River Basin is shown in figure 18 . Recharge estimates range from 0 to 2.6 in/yr and were extended to the model boundary in areas where the estimate did not extend that far.
Total recharge to the ground-water system is estimated to be about 165 ft3/s: 138 ft3/s from infiltration of precipitation, snowmelt runoff, and streamflow (117 f^/s, northern Green River Basin; 21 ft3/s, southern Green River Basin); 18 ft3/s from excess applied irrigation water in the Farson-Eden, Wyoming area (east-central part of the basin); and the previously mentioned questionable streamflow leakage of 9 ft^s from the Blacks Fork, Smiths Fork, and Hams Fork. 
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Discharge Estimated Steady-State Ground-Water Budget
Ground-water discharge occurs principally as seepage to the Green River, to major tributaries of the Green River, and to Flaming Gorge Reservoir. Smaller streams, particularly in the northern part of the Green River Basin, probably receive discharge from local flow systems. Minor discharge from the aquifer system is through small springs issuing from the Bridger aquifer in the southern part of the basin and the Laney aquifer in the Farson-Eden, Wyoming area (Ahern and others, 1981) . Discharge from the basin ground-water flow system by pumping from wells and by evapotranspiration is negligible. Ground-water discharge from the basin ground-water flow system is assumed to be fairly constant and can be reasonably estimated using January streamflow records. January streamflow data from gaging stations on the Green River and its major tributaries were used to estimate the distribution of ground-water discharge to streams in the Green River Basin. January streamflow was used because the effects of diversions, evapotranspiration, and precipitation runoff are negligible during this month. The quantity of ground-water discharge to stream reaches was estimated by calculating the difference between average streamflow at upstream and downstream stations and subtracting the estimated average inflow from tributaries between the gaging stations. The accuracy of the streamflow data for January can be affected at some stations. Ice-affected streamstage records result in less accurate measurement of streamflow; in some cases streamflow must be estimated rather than measured. However, the accuracy of the average January streamflow for the period of record of this study is not significantly affected. Groundwater discharge to streams could not be estimated on reaches for which the period of record at upstream and downstream gaging stations does not overlap, reaches where streamflow from major tributaries was not measured, and reaches having reservoirs. Ground-water discharge to Flaming Gorge Reservoir was estimated from streamflow-gaging records prior to construction of the reservoir.
Total ground-water discharge to the major streams was estimated to be 163 ft3/s: 94 ft3/s to the Green and New Fork Rivers upstream from Fontenelle Reservoir, 23 ft3/s to the Green River between Fontenelle and the town of Green River, Wyoming, 13 ft3/s to the Green River downstream from the town of Green River, including Flaming Gorge Reservoir, 17 ft3/s to the Big Sandy River, and 16 ft3/s to Henrys Fork.
The ground-water system in Tertiary rocks in the Green River Basin is in a state of dynamic equilibrium. The volume of water recharging the basin groundwater system is balanced by an equal volume of discharge. Potentiometric surfaces of the aquifers are stable, and the quantity of water in storage is constant. Water is transmitted from recharge areas to discharge areas at a rate determined by the transmissivity of the aquifer and the gradient of the potentiometric surface.
A budget for the ground-water system was prepared by summing inflow to and outflow from the system (table 2) . Inflow of water to the ground-water system is derived from infiltration of precipitation, snowmelt runoff, streamflow, and excess irrigation water. Outflow occurs as ground-water discharge to streams and to Flaming Gorge Reservoir. Discharge from the basin ground-water flow system through wells and by evapotranspiration is negligible. The groundwater budget does not balance precisely because the values are estimated and rounded. 
Flow Direction and Pattern
Ground-water flow in the aquifer system in Tertiary rocks in the Green River Basin generally is from recharge areas along most of the periphery of the basin toward the center of the basin and southward. Groundwater flow is shown schematically in figure 19 .
Ground-water flow in the Bridger aquifer is primarily horizontal along short and long flow paths. Substantial vertical leakage into deeper aquifers occurs only along the Uinta Mountains where the underlying aquifer in the Green River Formation is conglomeratic (Bradley, 1964) . Ground water in the Bridger aquifer flows from recharge areas along the Uinta Mountains toward the north and northeast, and discharges along streams.
Rates of ground-water flow in the Laney aquifer are greatest where the Laney is at land surface and hydraulic conductivity is enhanced by fracturing. Ground-water flow in the Wasatch and Fort Union zorjes of the Wasatch-Fort Union aquifer occurs along short, long, and basin flow paths. Flow along short flow1 paths is most common where the Wasatch and Fort lllnion zones are at land surface near basin margins. Recharge to these local flow systems is from infiltration of precipitation and snowmelt on outcrop areas; discharge is to tributaries of the Green River adjacent to and a short distance from the recharge areas.
Mo|st water in the Wasatch and Fort Union zones flows along long flow paths. Flow in the Wasatch and Fort Unicjn zones occurs from recharge areas adjacent to the Wind River Range on the north and Overthrust Belt on the west to discharge areas along the upper reaches of the Green and New Fork Rivers; flow along long flowj paths also occurs from recharge areas south of the Rock Springs Uplift to discharge at Flaming Gorge Rdservoir.
Ba&in flow occurs in deep parts of the Wasatch and Fort JLJnion zones and where the Wasatch zone is overlain by the Tipton confining unit. In the northern part of the Green River Basin, substantial volumes of water leak downward from shallow parts of the Wasatch and Fort Union zones, then flow horizontally to the so^ith. In the southern part of the basin, water enters the Wasatch and Fort Union zones by recharge and downward leakage along the Uinta Mountains to the south and flows horizontally north to Flaming Gorge Reservoir. The area of the Flaming Gorge Res-, ervoir is the principal locus of discharge for the basin flow system. Discharge in the area of the reservoir occurs by upward leakage to overlying aquifers in the Green R ,ver Formation.
Numerical Flow Model
A five-layer computer-based ground-water flow model of the aquifer system in Tertiary rocks in the Green River Basin was developed. The simulation program used was the U.S. Geological Survey modular three-di nensional finite-difference ground-water flow model (VlcDonald and Harbaugh, 1988) , a program evolved from the two-and three-dimensional finitedifferen der, and -6,000 -4,000 -2,000 --2,000 --4,000 Figure 19 . Diagrammatic geohydrologic section showing approximate directions of ground-water movement in the Green River Structural Basin (location of section shown in figure 4 ; vertical scale greatly exaggerated).
Model Design Finite-Difference Grid
The study area was divided into a grid of variably sized, rectangular cells in a north-south and east-west orientation (fig. 20) ; the border of the grid approximates the aquifer-system boundary. In each cell, the aquifer properties are assumed to be uniform. Cell dimensions range from 15,000 to 20,000 ft in the eastwest direction and from 15,000 to 25,000 ft in the north-south direction. The grid size selected was the result of a compromise to limit the quantity of cells to a manageable number while maintaining a sufficient number of cells to give a reasonable depiction of the available data. The vertical dimension of the cells in each layer represents the average thickness of the model layer. The thickness of each model layer varies to simulate the varying thickness of the geohydrologic unit. Vertical thicknesses were determined by digitizing information from thickness maps onto a grid overlay.
Ground-water flow across the boundaries of the aquifer system was assumed to be negligible. Therefore, a no-flow boundary (cells with transmissivity equal to zero) was inserted around the border of each layer of the grid. Stream-aquifer leakage was simulated at river cells where variable flow into or out of the aquifer was simulated. Fixed, specified recharge was simulated at the recharge cells shown on the finite-difference grid ( fig. 20) .
Model Layers
The five layers of the model correspond to geohydrologic units in the basin as shown in table 3 and figure 21. Confining units generally are not treated as active separate layers in this study but are represented by vertical conductance terms between the nodes of active model layers. One exception is the southern part of layer 3 that represents the area where the Wilkins Peak and Tipton confining units are vertically contiguous.
The Wasatch zone of the Wasatch-Fort Union aquifer in the northern part of the basin was subdivided into three layers (2, 3, and 4) for the flow-model simulation. Use of three Wasatch layers aids in simulating short flow paths within the model; in facilitating changes in hydraulic conductivity with depth of burial; and in avoiding potential problems in the equationsolving algorithm. The Wasatch zone in layer 2 of the model was assigned a thickness of 300 ft. The Wasatch zone in layer 3 of the model was assigned a thickness of 500 ft.l The Wasatch zone in layer 4 was set equal to the remaining Wasatch thickness.
Required Data i
Gr jund-water recharge from infiltration of precipitatioi, snowmelt runoff, and streamflow was calculated as c escribed in a preceding section and generally distribufc d as indicated by the recharge cells in the finite-difference grid ( fig. 20) . Minor adjustments of the rechatge due to infiltration of precipitation were made during calibration of the flow model. Data for simulating stream-aquifer leakage were estimated using 7.5-minute topographic quadrangle maps and water-resources data reports. Data included the location of each river cell, altitude of the river stage, altitude (J>f the riverbed, and riverbed hydraulic conductance. Blacks Fork and Smiths Fork were combined and simulated by one set of river cells because of the large] cells and the proximity of the two streams. The riverbed hydraulic conductance was calculated from average or estimated values for length and width of the rijer in each cell, thickness of the riverbed, and hydraulic conductivity of the riverbed material. Thickness of the riverbed material was assumed to be 1 ft. Vertical hydraulic conductivity of the riverbed material was estimated to be 0.1 ft/d. These estimates are in general agreement with the values used by Glover (1983) f[>r Bates Creek in central Wyoming and for the Bear River in western Wyoming (Glover, 1990) . Data for simulating stream-aquifer leakage were not adjusted, during calibration and simulation.
Each layer of the model was subdivided into subareas within which only one value of horizontal and one value of vertical hydraulic conductivity were used. Division into subareas was made on the basis of variations in geology or differences in hydraulic properties inferred from changes in the gradient of potentiometric surfaces. Estimates of horizontal hydraulic conductivity (table 1) obtained from aquifer tests, drill-stem tests, and a numerical ground-water flow model initially were used in the model. Published estimates of vertical hydraulic conductivity are not available in the Green River Basin. Vertical hydraulic conductivity of aquifers, initially was estimated to be equal to the horizontal hydraulic conductivity divided by 100. Vertical hydrau ic conductivity of confining layers initially was estimated at 0.00001 ft/d. Resistance to vertical flow caused by this confining unit is simulated by the vertical 3The Wilkins Peak and Tipton vertically contiguous. The horizontal hydraulic conductivity of this zone is sma 4Resistance to vertical flow caused by this confining unit is simi i confining units have been combined into the active s nithern subarea of layer 3 where these conductance terms between nodes of layers 2 and 3.
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units are ler than adjacent subareas of the layer. lulated by the verticz conductance terms between nodes of layers 3 and 4.
Transmissivity was calculated from values of horizontal hydraulic conductivity and layer thicknesses; vertical conductance was calculated from vertical hydraulic conductivity, layer thickness, and cell area. Hydraulic conductivities were adjusted during model calibration. Data required for the simulation included model geometry and starting heads, recharge and stream-aquifer leakage, and division of hydraulic properties into subareas within model layers. Layer thickness, grid size, and starting hydraulic heads were held constant during calibration of the model.
Model Calibration
The ground-water flow model was calibrated for steady-state conditions by a trial-and-error process. Ground-water development in the Green River Basin is too sparse to warrant development of a transient model on a basin scale. The hydraulic conductivity was adjusted until a reasonable match of stream-aquifer leakage and hydraulic-head data was achieved between the conceptual model and the simulated model. Simulation of a historical period of record showing basin water-level changes was not possible because data documenting historical ground-water levels were not available. Calibration criteria for the model were (1) to minimize the differences between the estimated and simulated stream-aquifer leakage, and (2) to minimize the differences between the measured and simulated hydraulic heads.
Stream-Aquifer Leakage
T ic first criterion for model calibration was to simulate stream-aquifer leakage such that it approximated t le estimated stream-aquifer leakage. Most of the estimated stream-aquifer leakage consisted of II ground-water leakage to streams. After each model I run, the I simulated ground-water leakage to streams was compared to the estimated leakage. Adjustments were m&de to the hydraulic conductivity estimates within the various subareas, and the simulation was fig. 20 ).
that evapotranspiration due to vegetation along the stream banks causes these streams to be losing streams, whereas ground water also is lost to evapotranspiration along the same reaches. However, additional study along these drainages would be necessary to gain understanding of the local hydrology.
Recharge from irrigation in the Farson-Eden, Wyoming area was estimated by the trial-and-error method until a satisfactory match between estimated and simulated ground-water discharge to the Big Sandy River was achieved. Flow model analysis indicated that ground-water recharge in the Farson-Eden, Wyoming area was needed to simulate streamflow gains from ground-water discharge to the Big Sandy River downstream from the irrigated area.
Hydraulic Heads
The second criterion for calibration of the ground-water flow model was evaluated by comparing the RMS (root-mean-square) deviation between simulated and measured hydraulic heads. Specifically, the RMS deviation is a measure of the mean departure of the simulated heads from the starting heads. First, only those grid cells with measured heads were used in the calculations to determine the RMS deviation. Second, all starting heads, measured and interpolated, were used in the calculations to determine the RMS deviation. Additional model runs using the trial-and-error method of adjusting parameters were made to try to produce a better agreement between simulated and measured head data. Decreases in the RMS deviation Published estimates of hydraulic conductivity were of limited use in analysis of the Green River Basin because values could not be correlated areally or spatially. Therefore, the flow model was developed to provide an estimate of effective basin values of hydraulic conductivity. Calibrated hydraulic conductivity for subareas in each layer of the flow model is shown in figure 24 . Ranges of vertical and horizontal hydraulic conductivity for each aquifer or aquifer zone from the flow-model simulation are listed in table 7. Simulated horizontal and vertical hydraulic conductivity were less than 18 ft/d; whereas measured horizontal hydraulic conductivity equalled or exceeded 420 ft/d, except for the New Fork aquifer. No vertical hydraulic conductivity was measured; the large modeled value in the Laney aquifer is suspect but could reflect local fracturing. Even so, estimates obtained by model analysis generally are within the range of values obtained from aquifer tests and drill-stem tests (table 1) . Local variations in sandstone content or fracture density can result in point estimate values of hydraulic conductivity that are significantly different from those obtained by a basin flow-model simulation.
Sensitivity Analysis
Sensitivity analysis of the flow model was conducted in two parts: observation of hydraulic head and stream-aquifer leakage due to (1) trial-and-error changes in hydraulic conductivity during the calibration procedure, and (2) systematic changes in hydraulic conductivity following calibration.
The first part of the sensitivity analysis consisted of qualitative observations of the effect on the hydraulichead distribution and stream-aquifer leakage caused by changes in hydraulic conductivity between simulations during model calibration. During calibration of the flow model, changes in only one or two subareas were made between each simulation run. Generally, only horizontal or only vertical hydraulic conductivity was changed; sometimes both were changed. Hydraulic conductivity was changed less than an order of magnitude between simulations. Qualitative analysis of head changes between simulations indicated that small changes in hydraulic conductivity made in one or two subareas of a layer generally did not have a substantial effect on the RMS deviation of the entire layer. Cali-
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iiroo- bration was continued until the simulated stream-aquifer leakage was approximately equal to the estimated stream-aquifer leakage. As stated above, additional simulations achieved a better match between the simulated and measured heads, but resulted in a poorer match between simulated and estimated stream-aquifer leakage.
The second part of the sensitivity analysis consisted of systematically changing the input calibrated hydraulic conductivity to determine the effect on the output of simulated hydraulic heads and output simulated stream-aquifer leakage. Hydraulic conductivities were first increased and then decreased by 50 percent. Simulation model runs were made in which first, horizontal hydraulic conductivity; second, vertical hydraulic conductivity; and third, both horizontal and vertical hydraulic conductivity were changed. Results of the second part of the sensitivity analysis in terms of the RMS deviation in hydraulic head by layer are listed in table 8. Results of the second part of the sensitivity analysis in terms of ground-water discharge to streams are listed in table 9.
Although the total ground-water discharge to stream reaches was not greatly affected by changing hydraulic conductivities (table 9), recharge to or discharge from individual cells along the streams was affected. Generally, simulations in which vertical hydraulic conductivity was increased displayed individual cells in which large quantities of water were recharged to the aquifer or aquifer zone and also cells in which large quantities of water were discharged to the stream. This sensitivity could not be evaluated during calibration because recharge and discharge along parts of the different stream reaches were not individually measured.
The hydraulic conductivity of the calibrated model is a result of an approximate balance between simulated and interpolated heads and simulated and estimated stream-aquifer leakage that are in reasonable agreement. The calibrated simulation has a reasonable match to water-level data throughout the modeled area. However, matching a potentiometric surface does not yield a unique areal distribution of ground-water flow. Either areal hydraulic conductivity distribution or recharge should be known in more detail to lessen the uncertainty. In this case, both factors contain a considerable degree of uncertainty.
Use and Limitations of the Model
The model was used to estimate values of effective basin hydraulic conductivity in the four aquifers simulated. Calibration of the flow model produced a reasonable, but not necessarily unique, distribution of hydraulic conductivities. Simulated values generally were within the range of values estimated from aquifertest data. Effective basin values of hydraulic conductivity were not necessarily the same as those for local ground-water systems because the simulated basin flow system was at a larger geographic scale and might not have been sensitive to changes of hydraulic conductivity in areas dominated by local ground-water systems. For example, large local variations in aquifer or aquifer zone properties were diminished in the basin model because the aquifer or aquifer zone properties are averaged over the larger area represented by the model cells.
The large node spacing (approximately 3 miles) limits the use of this flow model to basin-wide studies. Even so, knowledge about the ground-water-flow system gained from this basin-wide study should be beneficial if used as the basis for more detailed studies of local areas in the Green River Basin. Information obtained about recharge, discharge, and movement between aquifers and aquifer zones will be useful as a basis in planning future local studies. Finally, head distributions derived from this model should be useful as boundary information for future smaller area models in the Green River Basin.
SUMMARY
The ground-water system in the Tertiary rocks of the Green River Structural Basin was studied as part of the Regional Aquifer System Analysis program of the U.S. Geological Survey. The purpose of the study was to classify and map basin aquifers, describe hydrologic and geochemical characteristics of flow, and quantitatively analyze basin flow systems under steady-state conditions. Accomplishing such a purpose was completed by quantifying and analyzing the geology and geohydrology of the area and by simulating the ground-water flow with a steady-state computer model.
The Bridger Formation is an aquifer in the southern part of the Green River Basin. Hydraulic conductivity is smaller in nonfractured parts of the Bridger aquifer where the ground-water resource has not been developed. Flow-model estimates of Bridger aquifer hydraulic conductivity range from 0.09 to 0.9 feet per day. Ground-water movement in the Bridger aquifer primarily is horizontal. Significant vertical leakage into deeper aquifers occurs only along the Uinta Mountain front where the underlying Green River Formation is conglomeratic. Ground water in the Bridger aquifer flows from recharge areas along the Uinta Mountains to the north and northeast and discharges to Smiths Fork, Blacks Fork, and the Green River.
The Laney Member of the Green River Formation is classified as an aquifer in this report but acts as a confining unit where buried by the Bridger aquifer. Fractures and solution channels near the Big Sandy River make the Laney Member a highly productive aquifer in that area. Hydraulic conductivity in the fractured part of the aquifer is estimated to be about 17.3 feet per day. Estimates of Laney aquifer hydraulic conductivity from the calibrated flow model range from 0.04 to 0.4 feet per day where the Laney is not fractured and acts as a confining unit. Most ground water that enters the Laney aquifer is derived from upward leakage from the New Fork aquifer in the central part of the Green River Basin and from irrigation recharge in the Farson-Eden, Wyoming area. Virtually no water leaks upward to the Laney aquifer in areas underlain by bedded trona deposits of the Wilkins Peak confining unit. Most discharge from the Laney aquifer is along the Big Sandy River and the Green River between Fontenelle and Flaming Gorge Reservoirs.
The Wilkins Peak Member of the Green River Formation is a significant basin confining unit. Bedded trona deposits in the southern half of the Green River Basin prevent vertical movement of water through the Wilkins Peak confining unit.
The New Fork Tongue of the Wasatch Formation is a sandstone aquifer located in the northern part of the Green River Basin between the Wilkins Peak and Tipton Shale Members of the Green River Formation. The New Fork aquifer thins to the south and is absent near the town of Green River, Wyoming. Ground water enters the New Fork aquifer from recharge areas adjacent to the Wind River Range and by upward leakage through the Tipton Shale from the underlying Wasatch aquifer. Water in the New Fork aquifer moves in a southerly direction and discharges by upward leakage to the Laney aquifer. Hydraulic conductivity of the New Fork aquifer was estimated from the calibrated simulation model to be 6.5 feet per day.
The Tipton Shale Member of the Green River Formation forms a relatively thin confining unit between the New Fork aquifer, above, and the Wasatch zone of the Wasatch-Fort Union aquifer, below. In the southern Green River Basin, where the New Fork aquifer is absent, the Tipton Shale confining unit is vertically contiguous with the underlying Wilkins Peak confining unit.
The main body of the Wasatch Formation is a thick sequence of fluvial sandy shale and siltstone with varying amounts of sandstone. There are extensive areas where thick permeable sandstones are at or near land surface in the northern Green River Basin. The amount of sandstone generally decreases, resulting in less permeable rocks in the southern part of the Green River Basin, where the Wasatch is buried under the Bridger and Green River Formations. Hydraulic conductivity in the Wasatch zone of the Wasatch-Fort Union aquifer ranges from 0.04 to 6.5 feet per day, as estimated by the calibrated model.
Ground water in the Wasatch zone follows short, long, and basin flow paths. Short flow paths are the shallow flow paths where the Wasatch zone is at land surface along the basin margins. Long flow paths occur from recharge areas adjacent to the Wind River Range and the Overthrust Belt to discharge areas along the Green and New Fork Rivers in the northern Green
